Abstract: Exudation of low-molecular-weight organic acids (LMWOAs) from plant roots enhances phosphorus (P) acquisition from soil, either by dissolving P fixed in secondary minerals or by reducing P sorption to organominerals. How LMWOAs may modify P sorption in soils with contrasting pH is not well understood, much less the mechanisms involved. The effects of three common LMWOAs (oxalic, citric, and malic acids) on P sorption in calcareous, neutral, and acidic soils were studied in batch experiments, followed by sequential P fractionation to elucidate the mechanisms whereby LMWOAs alter P sorption. The sorption data of the three soils fitted better to the Freundlich equation (r 2 = 0.325-0.994, P < 0.05) than the Langmuir and linear equations. Oxalic, citric, and malic acids at 10 mmol kg −1 soil decreased the Freundlich P sorption parameters K f and n, which represent P sorption capacity and energy, due to the fact that LMWOAs reduced P sorption in NaHCO 3 -Pi (soil soluble and exchangeable Pi, 23.8-30.9%) and NaOH-Pi (Fe-Pi and Al-Pi, 21.6-54.2%) fractions of the three soils. Comparing acidified P-LMWOAs solutions with the pH-adjusted P-LMWOAs solutions (pH = 7) had a minor effect on P sorption. Our results indicated that the reduction in soil P sorption was due to ligand exchange and chelation of LMWOAs with Fe and Al minerals, and the acid strength of LMWOAs had a minor effect on P sorption in calcareous, neutral, and acid soils.
Introduction
Exudation of low-molecular-weight organic acids (LMWOAs) from roots is a common plant strategy to overcome P deficiency because it enhances P acquisition by mobilizing unavailable soil P associated with secondary minerals (Palomo et al. 2006; Chen et al. 2008) . Mobilization of these forms of soil P by LMWOAs involves the following processes: (1) LMWOAs directly promote the dissolution of sparingly soluble minerals, (2) LMWOAs shift pH and chemical equilibria in soil solution, making P more soluble, (3) LMWOAs alter the surface characteristics of mineral particles or occupy ligand exchange surfaces, and (4) LMWOAs form complexes with Ca, Fe, and Al, blocking fixation reactions with these secondary minerals (Lan et al. 1995; Hocking 2001; Strom et al. 2002; Chen et al. 2008) . Moreover, LMWOAs reduce P sorption capacity of soils, resulting in a larger pool of P in soil solution that is available for plant uptake (Bolan et al. 1994) . The mechanisms whereby LMWOAs alter soil P sorptions at the soil surface-solution interface are not known, especially in agricultural soils with contrasting physicochemical properties (e.g., the Fe and Al oxide contents, exchangeable Ca and Mg concentrations, soil texture, porosity, pH, ionic strength, and hydraulic conductivity), which affect soil P sorption capacity (Del Bubba et al. 2003) . Moradi et al. (2012) showed that LMWOAs reduced the P sorption capacities of calcareous soils and oxalic acid at 5 mmol kg −1 soil was more effective than citric and malic acids in reducing the P sorption capacity but only speculated that the mechanisms involved was via the similar mechanisms to P mobilization. While LMWOAs may have reduced P sorption through interactions with calcium carbonates and Fe and Al oxides, why the response varied depending on the type of LMWOA needs to be explained. Oxalic, citric, and malic acids are three common organic acids exuded from plant roots and identified in soils, and they vary in their effectiveness in mobilizing soil P for plant uptake (Harrold and Tabatabai 2006; Nwoke et al. 2008) . Generally, oxalic acid is the most effective organic acid for enhancing P mobilization from secondary minerals in calcareous soils while citric acid is better for acidic soils, due to the stronger chelating ability of oxalic acid with Ca in calcareous soils but citric acid with Fe and Al in acidic soils (Bais et al. 2006; Wei et al. 2010; Moradi et al. 2012) . The acid strength of LMWOAs, which causes acidification of the rhizosphere is also considered to be an important mechanism for dissolving P in secondary minerals (Raghothama 1999; Hocking 2001) . Whether the chelating ability and acidification effect of various LMWOAs also affect soil P sorption remains to be determined. We hypothesized that (1) oxalic acid will be the most effective organic acid for reducing P sorption in calcareous soil while citric acid would be better in acidic soil, due to the stronger chelating ability of oxalic acid with Ca, and citric acid with Fe and Al, and (2) the chelating ability of LMWOAs will be more important than their acid strength in reducing P sorption in soils with a wide range of physiochemical properties.
The ability of LMWOAs to chelate with Ca, Fe, and Al can be inferred from the decrease in these soluble cations in soil solutions (Ström et al. 2005; Wang et al. 2012) , but a direct way to measure how Ca, Fe, and Al chelations by LMWOAs affect P sorption is to measure soil P fractions. Soil contains various inorganic P (Pi) and organic P (Po) fractions, including soil soluble and exchangeable P (NaHCO 3 extracted Pi and Po), Fe and Albound P (NaOH extracted Pi and Po), Ca-bound P (HCl extracted Pi), and residual P (Hedley et al. 1982; Jalali and Ranjbar 2010) . As chelating agents, LMWOAs can displace P from Ca-P compounds in calcareous soils and from Fe and Al-P compounds in acidic soils (Jones 1998; Hinsinger 2001) , which changes the proportion of the Ca-bound Pi fractions (HCl extracted Pi) and the Fe and Al-bound P fraction (NaOH extracted P). Analyzing the P concentration within soil P fractions after reactions with LMWOAs (e.g., in a batch experiment on P sorption) would confirm whether chelation of Ca, Fe, and Al by LMWOAs was responsible for the change in soil P sorption. Thus, we further hypothesized that LMWOAs will chelate with Ca, Fe, and Al, thereby decreasing the amount of P adsorbed in HCl-P and NaOH-P fractions in soils.
The objective of the present study was to study the impact of three common LMWOAs (oxalic, citric, and malic acids) on P sorption and P fractions in agricultural soils with contrasting physicochemical properties, representing calcareous, neutral, and acidic soil conditions. The results of this study will confirm whether the chelating effect of LMWOAs produces a consistent effect on P sorption, considering several organic acids and soil types.
Materials and Methods

Soils and organic acids
Surface layers (0-20 cm) of three soils were separately collected from Luancheng (37°53′N, 114°40′E), Shenyang (41°31′N, 123°24′E), and Taoyuan (28°56′N, 111°26′E) Experimental Stations of Ecology, Chinese Academy of Sciences. The mean annual precipitation and temperature for the three climatic regions are 530 mm and 12.2°C, 650 mm and 7.5°C, and 1440 mm and 16.5°C, respectively. Each of the tested soils was a major soil type for agricultural production in their respective regions, where P fertilizer was applied every year to prevent P deficiency of wheat (Luancheng), corn (Shenyang), and rice (Taoyuan). All soil samples were air dried and ground to pass through a 2 mm sieve before use. Selected chemical and physical properties are shown in Table 1 . The three soils were classified as calcareous (pH 8.24), neutral (pH 7.02), and acidic soil (pH 4.72) with low available P status (3.9-7.2 mg kg
−1
). The HCl-Pi (Ca-Pi) concentration and calcium carbonate equivalent were greatest in the calcareous soil and lowest in the acidic soil, while the NaOH-Pi (Fe-Pi, Al-Pi) fraction, and Fe and Al oxides' concentrations were the greatest in the acidic soil and the lowest in the calcareous soil. Soil textures were sandy loam, silty loam, and silty clay for the calcareous, neutral, and acidic soils, respectively.
The organic acids selected for this study were oxalic, citric, and malic acids because of their widespread natural occurrence in soils. Each organic acid was applied at a concentration of 10 mmol kg −1 soil. This concentration was chosen by considering the rhizosphere values of these organic acids reported by Jones (1998) and Li et al. (2010) , and the values of carboxylic acids in soil extracts (Strobel 2001) . Wei et al. (2010) and Jalali and Zinli (2011) used 10 mmol kg −1 soil of organic acids to determine the impacts of organic acids on the release of Po from forest soils and the kinetics of Pi release from calcareous soils, respectively. In addition, Gerke et al. (2000) reported that below a concentration of around 10 mmol kg −1 soil, the P solubility was not markedly increased by the addition of citric acid. Thus, this concentration should be sufficient and suitable to decrease P sorption and explore related mechanisms based upon abiotic mineral studies.
Batch experiments
Triplicate soil samples (3 g) were placed in 50 mL centrifuge tubes, and then 30 mL of 0.01 mol L ) combined with four treatments (control, oxalic acid, citric acid, and malic acid) from a P-LMWOAs solution without pH adjustment. To assess the effect of acidification of LMWOAs on P sorption, another set of triplicate soil samples (3 g) was placed in 50 mL centrifuge and received a pH-adjusted P-LMWOAs solution containing 0-50 mg P L −1 as KH 2 PO 4 and 1 mmol LMWOAs L −1 . Solution pH was adjusted to a pH of 7 with KOH. This added 216 centrifuge tubes that received six levels of P (0, 10, 20, 30, 40 , and 50 mg P L −1 ) combined with four treatments (control, oxalic acid, citric acid, and malic acid) from the pH-adjusted P-LMWOAs solution. All 432 centrifuge tubes with soil samples and P-LMWOAs solution (with and without pH adjustment) were also duplicated for an independent assessment of solution pH before and after the batch P sorption experiment. Initial pH of the solution was measured within 10 min of adding the P-LMWOAs solution. Then two drops of toluene were added to each tube to inhibit microbial activity prior to capping the Soil P fractions (mg kg HCl for the acidic soil and 0.5 mol L −1 NaHCO 3 (pH = 8.5) for the calcareous and neutral soils. NaHCO 3 -Pi and -Po, soil soluble, and exchangeable inorganic and organic phosphorus. NaOH-Pi and -Po, soil Fe-and Al-oxide-bound inorganic and organic phosphorus. HCl-Pi, soil Ca-bound inorganic phosphorus. Residual P, soil resistant inorganic and organic phosphorus. tube. All centrifuge tubes were shaken on an end-to-end shaker (15 cycles min −1 ) for 24 h at 25 ± 1°C. The suspensions were centrifuged at 12 000g for 10 min and filtered through the Whatman filter paper (No. 42). The P concentration of the filtrate was determined colorimetrically with the molybdate-blue method, and the final pH values of the filtrate were measured. The sorption of added P was calculated as the difference between the concentration of soluble P added in the initial solution and P in equilibrium solution after 24 h. The P sorption parameters were calculated from sorption isotherms using the Langmuir, Freundlich, and linear equations. The linear form of the Langmuir equation used was
where C is the concentration of P in equilibrium solution (mg P L −1 ), X is the amount of P adsorbed by soil (mg P kg −1 ), X max is the Langmuir P sorption maxima (mg P kg −1 ), and K is an affinity constant related to the binding energy (L mg −1 ). Model parameters were fit from a linear regression of C/X against C, where the slope equals 1/X max and the intercept equals 1/(KX max ). The linear form of the Freundlich equation used was
where X is the amount of P adsorbed (mg kg −1 soil), C is the equilibrium concentration of P (mg L −1 ), and K f and n are constants related to the sorption capacity and bonding energy, respectively.
The linear equation for P sorption has the form
where X is the amount of P adsorbed (mg kg −1 soil), C is the equilibrium concentration of P (mg L −1 ). The parameter b represents the buffering capacity of the solution and a is the intercept of the line.
Soil P fractionation
Soil samples treated by adding 50 mg P L −1 (with and without LMWOAs) were collected before and after the batch P sorption experiments and subjected to sequential P fractionation using the Hedley et al. (1982) procedure simplified by Linquist et al. (2011) . Soil (0.5 g) was weighed into a 50 mL centrifuge tube and P fractions were extracted by the procedure as follows: (1) labile P (NaHCO 3 -P), soil extracted with 30 mL of 0.5 mol L −1
NaHCO 3 (pH = 8.5) for 16 h; (2) Fe-and Al-bound P (NaOH-P), residue from the first fraction extracted with 30 mL of 0.1 mol L −1 NaOH for 16 h; (3) Ca-bound P (HCl-P), residue from second fraction extracted with 1.0 mol L −1 HCl for 16 h; (4) residual P (Res-P), residue from the last fraction digested with H 2 SO 4 -HClO 4 at 360°C. The extracted Pi collected at each step was analyzed colorimetrically with the molybdate-blue method. Total P in the NaHCO 3 and NaOH extracts was determined by digesting in autoclave (103.4 kPa, 121°C) with acidified potassium persulfate (K 2 S 2 O 8 ). The Po in the NaHCO 3 and NaOH fractions was calculated as the difference between total and inorganic P.
Statistical analysis of data
After fitting P sorption data (with and without pH adjustment) to linear forms of the Langmuir, Freundlich, and linear equations, least-squares regression analysis was used to determine the slope and intercept of the best-fit model for P sorption in each of the studied soils. All data on soil-fractionated P were expressed as the average amounts of P adsorbed among the equilibrated (24 h) P solutions (0-50 mg P L −1 ). Soil P fractions were subject to the normality and homogeneity tests before analysis of variance (ANOVA) using SAS statistical package (SAS 9.1). One-way analysis of variance (ANOVA) was used to determine the effects of control, oxalic acid, citric acid, and malic acid (with and without pH adjustment) on each soil P fraction. Leastsquares difference (LSD) was conducted only when the ANOVA was significant at P < 0.05. A paired t test was used to detect differences in each P fraction as affected by the P-LMWOAs solution with and without pH adjustment. Paired t tests were also used to detect significant differences of the initial and final pH values of P-LMWOAs solutions (with and without pH adjustment).
Results
Soil P sorption
Data on the sorption of added P from P-LMWOAs solutions in the three soils fitted better to the Freundlich (r 2 = 0.325-0.994, P < 0.05) than the linear (r 2 = 0.112-0.940) and Langmuir (r 2 = 0.004-0.999) equations (Table 2) . Thus, sorption parameters K f and n generated from the Freundlich model were used to describe and compare P sorption process of the calcareous, neutral, and acidic soils. When the Freundlich equation was fitted to P solution without LMWOAs, the model parameters K f and n were greatest with acidic soil > neutral soil > calcareous soil. Among these soils, the acidic soil also had the highest clay content, the most Fe and Al oxides and the largest Fe-and Al-P fraction (Table 1) . Shaking these soils with P-LMWOA solutions significantly decreased the Freundlich model parameters K f and n (P < 0.05), compared to those with the P solution alone, indicating less P sorption in the presence of LMWOAs (Table 3) . Overall, the K f and n parameters were greater with malic acid > citric acid > oxalic acid for the calcareous and neutral soils, but larger K f and n values were generated with malic acid > oxalic acid > citric acid in the acidic soil.
The Freundlich parameters K f and n were higher in the pH-adjusted P-LMWOAs solution (pH = 7) than in P-LMWOAs solution without pH adjustment (Table 3) .
These results suggested greater P sorption with the pHadjusted P-LMWOAs solutions and lower P sorption due to the acid strength of P-LMWOAs solutions (without pH adjustment). Although pH values of the P-LMWOAs solution (with and without pH adjustment) increased significantly after batch P sorption experiments (P < 0.05), no statistical differences of the changes in pH values before and after the batch experiment were found among the three LMWOA applications (Table 4 ). This result indicated that, compared with the chelating ability of LMWOAs, the acid strength had a minor impact on P sorption.
Soil phosphorus fractions
As expected, more than 85% of the sorbed P was adsorbed in HCl-Pi (Ca-P) fraction of the calcareous soil while more than 80% of the sorbed P was found in NaOH-Pi (Fe-and Al-Pi) fraction of the neutral and acidic soils (Figs. 1, 2 ). This suggests large sorption capacity and rapid binding of added P by Ca carbonates and Fe and Al oxides in soils. While the amounts of P adsorbed in NaHCO 3 -, NaOH-, and HCl-Pi fractions tended to be greater (10%, 15%, and 7%, respectively) in pH-adjusted P-LMWOAs solution (pH = 7) than in the P-LMWOAs solution without pH adjustment; the findings were not significant (P > 0.05). This suggests that the acid strength of LMWOAs (added at 10 mmol organic acid kg −1 soil) had a minor impact on P sorption, so the results presented here focus on P sorption in the P-LMWOAs solutions without pH adjustment. With the addition of LMWOAs, the amounts of P adsorbed in NaHCO 3 -and NaOH-Pi fractions decreased Table 2 . Correlation coefficient (R 2 ) of the Langmuir, Freundlich, and linear equations fitted to P sorption data in the control soil (no treatment) and soils treated with OA (oxalic acid), CA (citric acid), and MA (malic acid). Data were from P sorption study in initial solution (no pH adjustment) and treated solution (pH adjusted to 7.0). Note: ns, no significance at P < 0.05, *, significance at P < 0.05, **, significance at P < 0.01, ***, significance at P < 0.001. Table 3 . Freundlich's coefficients K f and n (means ± standard deviation) in the control soil (no treatment) and soils treated with low-molecular-weight organic acids (oxalic acid, citric acid, and malic acid) from P sorption study in initial solution (no pH adjustment) and treated solution (pH adjusted to 7.0).
Model
Soil type Treatment
Initial solution Treated solution by 23.8% (P < 0.05) and 54.2% (P < 0.05) for the calcareous soil, by 30.5% (P < 0.01) and 21.6% (P < 0.05) for the neutral soil, and by 30.9% and 30.3% (P < 0.05) for the acidic soil, respectively (Fig. 1) . While the HCl-Pi fraction was numerically 9.1% and 14.7% higher with the addition of LMWOAs than without LMWOAs in the calcareous and neutral soils, there was no change (P > 0.05) in the HCl-Pi fraction in any of the studied soils. Oxalic acid was more effective than citric and malic acids in reducing P adsorbed in NaHCO 3 -Pi fraction for the calcareous soil (P < 0.05), while citric acid was the most effective reagent in reducing P adsorbed in NaHCO 3 -and NaOH-Pi fractions for the acidic soil. These results showed that the decrease of P sorption induced by LMWOAs was mainly ascribed to less P sorption in NaHCO 3 -and NaOH-Pi fractions.
Discussion
Agricultural soils vary in their capacity to absorb P on soil surfaces due to their mineralogy, surface chemistry, and the proportion of available binding sites that are already occupied. These soil-specific P sorption reactions can be inferred from the Freundlich isotherm constants K f and n, where higher K f indicates higher P sorption capacity and a larger value of n implies higher bonding energy (Börling et al. 2001 ). In the current study, P sorption capacity and bonding energy of the three soils were greater without the addition of LMWOAs and indicated greater inherent P sorption in acidic soil > neutral soil > calcareous soil. This was related to the Fe and Al oxide contents of the three soils, because the oxalateextractable Fe and Al (amorphous Fe and Al oxides) is a predictor of P sorption capacity (Börling et al. 2001) , and there was a greater proportion of Fe-and Al-Pi bound in the acidic and neutral soils than the calcareous soil.
The lower values of K f and n in P-LMWOAs solutions than with P solution alone indicate that LMWOAs at 10 mmol kg −1 soil reduced P sorption in the calcareous, neutral, and acidic soils of this study. This could be because LMWOAs form complexes by chelating Ca carbonates and Fe and Al oxides, as suggested by Hinsinger (2001) and Moradi et al. (2012) , which means LMWOAs would reduce the amount of P adsorbed in NaOH-P (Fe-and Al-P) and HCl-P (Ca-P) fractions in soils. The hypothesis was partially supported, because LMWOAs reduced the amount of P adsorbed in NaHCO 3 -Pi (soluble and exchange Pi) and NaOH-Pi (Fe-and Al-Pi) fractions but not in the HCl-Pi (Ca-P) fraction. This implies that organic acid occupation of binding sites on exchange surfaces and chelation of Fe and Al displaced P into soil solution, thereby reducing P sorption markedly in the acidic soil (by 128.86 mg P kg −1 , on average) and neutral soil (by an average of 51.72 mg P kg −1 ) and to a lesser extent in calcareous soil (by an average of 27.08 mg P kg −1 ), which contains a smaller proportion of Fe and Al oxides.
We hypothesized that LMWOAs would vary in their ability to form complexes with P-binding minerals, and this was partially true under the conditions of this study. Oxalic acid was the most effective at reducing P sorption in the calcareous and neutral soils, but it was due to the ability of oxalic acid to remove P from the NaHCO 3 -Pi fraction, not through the displacement of P from Ca-P complexes by ligands formed with oxalic acid. On the other hand, P sorption in the acidic soil was diminished effectively by citric acid, and this was associated with less P sorption in the NaHCO 3 -and NaOH-Pi fractions of the acidic soil. Previous studies have suggested that oxalic acid is most effective in dissolving P associated with secondary minerals for calcareous soil and citric acid is most effective for acidic soil, due to the greater affinities of oxalic acid for Ca 2+ in calcareous soil and citric acid for Fe 3+ and Al Table 4 . Changes in pH in solutions containing soil P (control) and soil P low-molecular-weight organic acids (oxalic acid, citric acid, and malic acid) mixtures, before (B) and after (A) batch P sorption experiments. Note: Initial solution, P-LMWOAs solution without pH adjustment. Treated solution, the pH-adjusted P-LMWOAs solution (pH = 7.0). S(pH), pH of the 1 mmol L −1 organic acids solutions before adding to soils; B(pH) and, A(pH), pH values of suspension before and after batch experiments. Values followed vertically by a different lowercase letter indicate that means are significantly different (P < 0.05) among treatments, whereas different uppercase letters horizontally indicate differences of pH values before and after batch P adsorption experiments at P < 0.05 within each soil.
this is not true in the process of P sorption, because both oxalic and citric acids were more effective in reducing P adsorbed in NaHCO 3 -Pi (soil soluble, exchangeable P) and NaOH-Pi (Fe and Al-P) fractions rather than HCl-Pi (Ca-P) for the three soils. These findings indicate that the mechanisms whereby LMWOAs alter soil P sorption differ from those affecting P fixation with secondary minerals, which depends mainly on LMWOAs chelation with Ca, Fe, and Al (Hinsinger 2001; Bais et al. 2006) .
Since LMWOAs may affect P sorption through ligand exchange and chelating with Fe and Al, the mechanisms involved reducing P sorption in NaHCO 3 -Pi (soluble and exchange Pi) and NaOH-Pi (Fe and Al-Pi) fractions are Fig. 1 . Effect of low-molecular-weight organic acids (LMWOAs) on contents of P adsorbed in fractionated inorganic phosphorus of the calcareous soil, neutral soil, and acidic soil before and after batch P sorption experiments. Bars represent means ± standard error of three replicate soil samples. The different lowercase and capital letters indicate that means are significantly different (P < 0.05) among the treatments (CK, OA, CA, and MA) within initial and treated solutions, respectively. T1 and T2 indicate means are significantly different between initial and treated solutions within each treatment. BGV: Background values. CK: control. OA: oxalic acid. CA: citric acid. MA: malic acid. Initial solution: P-LMWOAs solution without pH adjustment. Treated solution: the pH-adjusted P-LMWOAs solution (pH = 7.0). not known. On one hand, organic acids' ligands may compete with the exogenous-added PO 4 3-by occupying binding sites on exchange surfaces and thus reduce P adsorbed in NaHCO 3 -Pi fraction (soil soluble and exchangeable Pi). Hence, higher ligand exchange ability of an organic acid would result in less exchangeable P in the NaHCO 3 -Pi fraction. On the other hand, the direct effect of LMWOAs chelation of Fe and Al oxides would reduce P adsorbed in NaOH-Pi fraction (Fe and Al-bound P), which is consistent with our findings. Expressing the P sorption reaction in a soil P mixture, without the addition of LMWOAs, as
and then considering the addition of P-LMWOAs solution (with and without pH adjustment), the chelation reaction might affect P sorption as follows: 
where M is the surface of Fe and Al oxides in soils and HA − is the organic acid ligand. Therefore, the chelating ability of LMWOAs might be divided into two pathways: (1) organic acid ligands may directly compete with the exogenous-added PO 4 3-for space on surface exchange sites, before P is bound to those surfaces, and (2) organic acid ligands may chelate the soil Ca, Fe, and Al through the formation of M-HA complexes, thereby reduce the adsorbed P associated with Fe-, Al-, and Ca-Pi compounds. In both pathways, organic acids preferentially and predominately reduced the P adsorbed on Fe and Al surfaces (Fe-and Al-Pi), rather than associated with Ca (Ca-Pi). This is explained by the fact that organic acid ligands more readily form stable complexes with Fe and Al than Ca (Harrold and Tabatabai 2006) and P is more readily desorbed or dissolved from Fe-and Al-Pi compounds than Ca-Pi compounds (Tiessen et al. 1993; Taghipour and Jalali 2013) .
In this study, we observed a tendency for lower P sorption capacity and bonding energy in the P-LMWOAs solution without pH adjustment rather than the pH-adjusted P-LMWOAs solution (pH = 7), which indicates that the acidification of the soil solution and matrix by LMWOAs reduced P sorption by soils. However, the nonsignificant difference of P adsorbed in Pi fractions between the P-LMWOAs solutions with and without pH adjustment indicates that the acid strength of LMWOAs was less important than their chelating ability in reducing P sorption. This is consistent with our hypothesis that the chelating ability of LMWOAs will be more important than their acid strength in reducing P sorption. Other reports indicate that acidification of the soil matrix by LMWOAs changes the crystalline Fe and Al into the amorphous forms (Cornell and Schwertmann 1979; Wang et al. 2012) , which would increase the number of P sorption sites on the exchange complex. But this effect is expected to be lower than the chelating ability of LMWOAs which reduces P sorption sites by forming complexes with amorphous Fe and Al.
Conclusions
In three agricultural soils with contrasting physicochemical properties, the addition of LMWOAs reduced P sorption by decreasing the amounts of P adsorbed in NaHCO 3 -(soil soluble and exchangeable Pi) and NaOH-Pi (Fe and Al-Pi) fractions. LMWOAs alter P sorption sites through ligand exchange and chelation with Fe and Al. Acidification of the soil solution by LMWOAs slightly decreased P sorption in Pi fractions but was of minor importance compared with ligand exchange and chelating abilities of LMWOAs. Further studies on P speciation by means of 31P-NMR and XANES would provide insight into the strength of the reactions of LMWOAs (ligand exchange and chelation) affecting P sorption.
